the surface of skin (Shiff et al. 1972) . Once in the skin, cercariae transform into schistosomula, degrading the host extracellular matrix by secreting proteolytic enzymes to facilitate entry into the host dermal blood vessels (He et al. 2005) . The schistosomula reach the lungs and later migrate to the portal venous system, where they mature into adult worms. Mating pairs migrate either to the mesenteric venules (S. mansoni and S. japonicum) or the venous plexus of the bladder (S. haematobium). Female worms produce eggs that are then released into fresh water and hatch into another larval stage, the miracidium. Miracidia find and penetrate the snail intermediate host and after several rounds of asexual reproduction transform into sporocysts which give rise to the free-swimming cercariae (Box 1).
Largely a chronic disease of the poor with inadequate access to a safe water supply, schistosomiasis can affect children's physical, sexual, and mental development as well as impair people's ability to work due to chronic fatigue. Severe schistosomiasis can lead to liver fibrosis, hepatosplenomegaly, and portal hypertension. Urinary schistosomiasis can produce hematuria, cysti-Box 1 -Schistosome life cycle. The main developmental stages of schistosomes as they cycle from fresh water mollusks and humans. The intermediate hosts of the parasites are Biomphalaria sp (S. mansoni), Oncomelania sp (S. japonicum), and Bulinus sp (S. haematobium). Shown are the mollusk stage of the parasites (sporocysts), the free swimming cercaria and miracidia, as well as the adults in human circulatory system. tis, and is a leading risk factor for squamous cell carcinoma of the bladder. No anti-schistosome vaccine exists. While research to expand treatment options is ongoing (Abdulla et al. 2009) , Praziquantel is at present the sole chemotherapeutic treatment recommended for schistosomiasis.
SERPINS

BIOCHEMICAL FUNCTION, INVOLVEMENT IN PHYSIOLOGY AND DISEASE PATHOGENESIS
Serpins are a structurally conserved family of macromolecular inhibitors found in virtually all biological systems (reviewed in (Gettins 2002), (Law et al. 2006) , (Silverman et al. 2001) ). The mechanism employed by serpins to inhibit proteases is also highly conserved. Serpins are suicide hemi-substrate inhibitors that are approximately 40-50 kDa in size. The conserved metastable tertiary structure of a serpin features 7 to 9 α-helices and 3 β-sheets (Box 2a). Key to the inhibitory activity of the serpin is the RCL (Crowther et al. 1992 ). In the native, active form, it lies outside the main body of the serpin, between β-sheets A and C and serves as the protease 'bait'. The RCL is composed of approximately 20 amino acid residues (P17-P4) with the P1 side chain fitting into the S1 specificity pocket of the target protease, with cleavage of the RCL occurring at the P1-P1' position. In the initial interaction of the serpin with the target enzyme the active site serine forms a transient covalent ester linkage with the serpin. Following proteolytic cleavage, the RCL inserts into the body of the serpin, completing the antiparallel organization of β-sheet A (Box 2b). The crystal structure of the trypsin-α1-antitrypsin complex reveals that once the complex forms, translocation distorts the structure of the protease by 37%, while the serpin itself remains largely unchanged (Huntington et al. 2000) . The crystal structure confirms that translocation of the protease dislocates the active site serine, taking it out of productive alignment with the rest of the catalytic triad, resulting in the destruction of the oxyanion hole.
Serpins are found in animals, viruses, plants, archea, and bacteria. Based on their genomes, C. elegans, D. melanogaster, and A. thaliana contain 9, 32, and 13 serpins respectively (Silverman et al. 2001) . In mammals serpins are involved in the regulation of proteases in blood coagulation, fibrinolysis, apoptosis, develop-ment, and inflammation. Serpins also play an important role in the immune response of insects. In D. melanogaster Spn43Ac regulates the immune response to fungal infection by inhibiting the cleavage of the Toll ligand spaeztle (Levashina et al. 1999) . There is evidence that SRPN6 of the malaria mosquito vector Anopheles gambiae is important for parasite clearance and/or lysis (Abraham et al. 2005) .
The function of serpins in schistosomes remains speculative and studies of other pathogenic parasites have provided few clues to serpin function. Two serpins have been cloned from the lymphatic filariasis agent Brugia malayi: BmSpn-1 (Yenbutr and Scott 1995) for which there is little functional data, and BmSpn-2 (Zang et al. 1999). BmSpn-2 was originally thought to aid in microfilarial immune evasion by inhibiting neutrophil elastase and cathepsin G (Zang et al. 1999 ), but a subsequent study showed that it is unable to form a stable complex with either of these proteases (Stanley and Stein 2003) . However, BmSpn-2 is released into the blood of the host by microfilariae, suggesting that it plays some role in host-parasite interactions (Stanley and Stein 2003) . Investigation of the Onchocerca volvulus serpins Ov-spi-1 and Ov-spi-2 by RNAi showed that knockdown of these serpins led to impaired L3 molting and viability. However, the endogenous targets have not been identified (Ford et al. 2005 ).
SCHISTOSOME SERPINS
PHYLOGENY AND STAGE SPECIFICITY
The completion of the S. mansoni and S. japonicum genomes has made it possible to explore these parasites' proteomes for proteins key to their survival and pathogenesis. By searching parasite databases for proteins homologous to the canonical serpin α1-antitrypsin, eight complete serpin sequences have been identified in the S. mansoni gene database. The S. japonicum database has one partial and 3 complete serpin sequences (Table I ). The S. haematobium genome is incomplete as of the writing of this review, but a GenBank search identified one serpin in the organism.
Phylogenetic analysis of the Schistosoma serpins assigns two major branches to the group (Fig. 1a) . Branch 1 consists of Smp_090080, ShSPI, and Sjp_00-85750 clustered closely together, with Smp_090090, Sjp_0113720, and Smp_003300 more distantly related but still falling within this grouping. The remaining serpins form the second major branch (Fig. 1a) . Smp_15-5560, Smp_155560, Smp_062120 are virtually identical, with most of the variation occurring at the RCL (Table I). Considering the chromosomal arrangement of S. mansoni serpins (Fig. 1b) and the clustering pattern of the phylogenetic tree, the multiplicity of S. mansoni serpin genes compared to those of S. japonicum has likely arisen through several gene duplication events. This is not surprising, given recent findings that S. japonicum appears to be a more ancestral species among mammalian parasites (Snyder and Loker 2000) . S. mansoni and S. haematobium are more human-directed parasites than S. japonicum, leading to speculation that serpin gene duplications in S. mansoni reflect adaptations to the human host. It will be interesting to see if S. haematobium also exhibits similar gene duplication events when its genome is sequenced.
With the exception of Sjp_0113720, alignment of the Schistosoma serpins with α1-antitrypsin, and superimposition of the structural components of α1-antitrypsin, show that these proteins contain all elements necessary for functionality (Fig. 2) . Their predicted structures reveal the interesting phenomenon of elongation of the regions surrounding helix D. Branch 1 sequences (Fig. 1) 090 contain a feature unusual for inhibitory serpins (Table I ). The P12-P9 region of the RCLs of most inhibitory serpins is characterized by amino acids with short side-chains (Ala, Gly, Ser) (Hopkins et al. 1993) , but this feature is not present in ShSPI, Smp_090080 and Smp_090090. Whether the unusual RCL amino acid sequence signifies a non-inhibitory function, or if elongation of the helix D region is important for cofactor binding, is a subject for future study. ShSPI was discovered using a λgt11 cDNA library from adult worms (Blanton et al. 1994) . Immunolocalization showed ShSPI on the surface of adult worms. Although one study suggested that ShSPI could bind to trypsin but not elastase or chymotrypsin (Huang et al. 1999) , there was no corroborating evidence to validate active site binding. Closely related to ShSPI, Sjp_0085-750 was the subject of another study. Transcripts of the Sjp_0085750 gene were found in male and female adult worms, and to a lesser extent in cercariae (Yan et al. 2005) . Yan et al. showed that this serpin localized to the surface of the adult worms, much like ShSPI, as well as the gut epithelium of the worm. When the authors evaluated the immune response to Sjp_0085750, they noted a Th2-type humoral response in mice. Protection studies with the serpin antigen showed a decrease in worm burden, suggesting a potential use of this parasite serpin as a vaccine candidate.
The most distantly related serpin in branch 1, Smp_003300, was initially identified as Serp_C by a proteomic analysis of the secreted products of cercariae (Curwen et al. 2006) . Release of this serpin into the host was validated by mass spectrometry analysis of proteins released by cercariae invading human skin (Hansell et al. 2008 ). The gene is not found in the same contig as Smp_090090 and Smp_090080 nor is it flanked by any other serpin.
Fewer studies have been conducted on the serpins clustered in the second phylogenetic branch (Fig. 1a ). An antisera screen against cercarial secreted products from a cercarial cDNA library identified a partial gene product, clone 8, with homology to serpin MNEI (Harrop et al. 2000) . The authors found the protein product in cercarial and lung stage parasite lysates but not in adult worms. Based on the sequence, clone 8 is Smp_062080. A proteomic study of skin lipid-induced cercarial secretion products also found a unique peptide belonging to clone 8/ Smp_062080 (Knudsen et al. 2005 ).
SCHISTOSOME SERPINS
PUTATIVE TARGETS
A putative serpin, Smpi56, was partially purified from extracts of adult S. mansoni (Ghendler et al. 1994) . Smpi56 was able to form an SDS-stable complex with neutrophil elastase, pancreatic elastase, and an endogenous cercarial protease. Because the sequence of Highlighted regions show at least a 50% sequence identity. The location of the helices (cylinders), β-sheets (black lines), and RCL (bold black line) were approximated using the known α1-antitrypsin structure.
Smpi56 is not known, the authors were unable to positively identify it as a serpin. It did exhibit the biochemical characteristics of an inhibitory serpin and could therefore be Smp_090090 which has a Leu-Ser P1-P1' motif (Table I) . Cercarial elastases as well as mammalian elastases favor hydrophobic residues in their S1 pockets, making Smp_090090 potentially able to form the complexes Smpi56 was reported to form. However, the unconventional RCL of Smp_090090 makes it difficult predict its ability to form an inhibitory complex with a protease.
The predicted RCL sequence of Sjp_0113080 also has a Leu-Ser at the P1-P1' specificity determining region. The S. japonicum genome contains one cercarial elastase gene. S. japonicum cercarial elastase antibodies were reported to localize in infected mouse skin, suggesting that the S. japonicum protease was released by the parasite during skin invasion (Consortium 2009). However, neither a protein corresponding to the putative protease nor enzymatic activity were found in the cercarial secretions of S. japonicum (Dvorak et al. 2008) . Less is known about the S. haematobium cercarial elastase (ShCE). ShCE transcripts can be found in the sporocyts and it is closely related to SmCE (Salter et al. 2002) . ShSPI, Smp_090090, Smp_062080, and Sjp_0113080 could be involved in the regulation of these elastases, although in the absence of further studies host proteases cannot be ruled out as potential targets. Smp_003300/ Serp_C contains an Arg at the P1 position, making it a good candidate for trypsin-like protease inhibition. Considering its release into the host during invasion, thrombin, coagulation factors, and kallikrein-related peptidases are all potential targets.
CONCLUDING REMARKS
The role of serpins in schistosomiasis was last reviewed 14 years ago (Modha et al. 1996) . Although there are caveats and limitations to using of the RCL sequence as an accurate predictor of protease specificity, such as the existence of exosites in and outside the RCL region (Whisstock et al. 2010 ) and the differing binding specificities of protease substrate binding pockets beyond the S1-S1' sites, RCL-based specificity predictions can still lead to testable hypotheses about the function of serpins in these parasites. With 102 cysteine proteases and 65 serine proteases identified in the S. japonicum genome (Consortium 2009) and 97 cysteine and 78 serine proteases in the S. mansoni genome (Berriman et al. 2009 ), the 12 predicted schistosome serpins may perform specific, focused functions in these organisms. It is to be hoped that new lines of inquiry building on the findings detailed in this review will advance our understanding of host-parasite biology and lead to the recognition of new drug targets and vaccine candidates against the schistosome parasites.
ABBREVIATIONS
Serpin: serine protease inhibitor; RCL: reactive center loop; MENT: myeloid and erythroid nuclear termination stage-specific protein or heterochromatin associated serpin; MS: mass spectrometry; MNEI: monocyte / neutrophil elastase inhibitor; CT: chymotrypsin; CE: cercarial elastase; α1-AT: alpha 1 antitrypsin; SC-CA: squamous cell carcinoma antigen; PAI: plasminogen activator inhibitor; PI: protease inhibitor; Cl: cathepsin L; Thrm: thrombin; CF: coagulation factor; Cat G: cathepsin G; NE: neutrophil elastase; SPC: signal peptidase complex; DPP: dipeptidyl aminopeptidase; KRPs: kallikrein related peptidases.
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